Soil erosion and phosphorus (P) runoff can be severe in potato production systems in the Northeast USA, which are characterized by intensive tillage, minimal ground cover, low crop residue return, and steep slopes. We used rainfall simulators in the greenhouse and fi eld to assess sediment and P movement associated with two conservation practices: straw mulching and application of polyacrylamide (PAM). In the greenhouse, a Nokomis sandy loam soil (fi ne-loamy, mixed, frigid Typic Haplorthods) was packed into 0.2 by 1.0 m boxes and subjected to four rainfall events at an intensity of 70 mm h −1 . Runoff amount, sediment concentration, and inorganic and sedimentbound P were measured for 30 min after initiation of runoff . Linear increases in straw mulch biomass (up to equivalent of 3000 kg ha −1 ) resulted in exponential decreases in sediment and P loss. Mulch applied at rates as low as 600 kg ha −1 provided nearly 50% ground cover and reduced sediment movement and sediment-bound P concentration and loss by >50%. Higher application rates reduced sediment loss by up to 95% but contributed dissolved reactive P (DRP) to runoff water. Field observations using simulated rainfall on mulch-covered and bare soil were consistent with greenhouse results. Linear increases in PAM application rate (to 20 kg ha −1 ) also reduced sediment loss. Th e effi cacy of this practice decreases slightly with successive rainfall events but still had signifi cant benefi t through four simulated rainfalls on soil packed into boxes. Th is was not the case in the fi eld where the eff ect of PAM was limited to the fi rst two rainfall events. In general, runoff volume was not strongly infl uenced by any of these practices, and most of the P loss was comprised of sediment-bound P. Both conservation practices are eff ective at reducing soil and nutrient loss in intensive potato systems.
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Eff ectiveness and Effi cacy of Conservation Options after Potato Harvest
Timothy S. Griffi n* Tufts University C. W. Honeycutt USDA-ARS P roduction systems that include potato (Solanum tuberosum L.) or other vegetable crops in the cool, humid Northeast USA are characterized by intensive tillage and low crop residue return, which can result in declining soil organic matter and concomitant deterioration of soil physical properties like aggregation and soil water relations (Grandy et al., 2002; Griffi n and Porter, 2004; Honeycutt et al., 1995) . Additionally, there is minimal soil coverage during some phases of the crop rotation (Fiener and Auerswald, 2007; Griffi n et al., 2009) . Th is has signifi cant implications for soil conservation because soil coverage is one of the primary factors that can be manipulated by management practices and serves as a primary mechanism to reduce runoff and the associated movement of dissolved reactive phosphorus (DRP) and suspended solids (sediment) to surface water bodies.
Easily implemented conservation options are available during the non-potato phase of 2-or 3-yr rotations that include potato. Th ese include implementing conservation tillage methods (Carter and Sanderson, 2001; Liebman et al., 1996) , delaying tillage to maintain soil coverage during likely periods of high-intensity precipitation or signifi cant snowmelt (Carter et al., 2005) , and including cover crops where feasible. For example, Griffi n et al. (2009) demonstrated that, whereas fall incorporation of barley (Hordeum vulgare L.) residue commonly results in soil coverage of less than 25% from September until the following June (when signifi cant growth of the subsequent potato crop occurs), delaying tillage until spring provides soil coverage of 80 to 100% during the period when erosion and runoff potential are high. Although implementation of these practices may be constrained by labor or equipment availability in the short term, potato yield is generally not aff ected (Carter and Sanderson, 2001; Carter et al., 2005; Griffi n et al., 2009) .
Even during the potato phase of the rotation, it is possible to establish cover crops like winter rye (Secale cereale L.) after harvest if early-maturing potato cultivars are grown. However, the production of late-maturing potato cultivars (e.g., 'Russett Burbank') in the short-season environment of the Northeast USA and the Maritime provinces of Canada presents several conservation challenges. First, although there are clear economic and conservation benefi ts to reducing the number of passes across the fi eld (Carrera et al., 2005; Holmstrom et al., 1999; Sijtsma et al., 1998) , tillage is still a necessity in the potato phase of the rotation. Typically, this includes primary and secondary tillage before planting, multiple cultivation or hilling passes during the growing season, and the harvest operation itself. Even the in-season tillage operations, such as hilling, when plant coverage of the soil exists can result in channeling of runoff and signifi cant movement of sediment (Chow and Rees, 1994) from precipitation or irrigation. Second, because harvest generally occurs after one or more killing frosts in early October, when daily mean temperature is approximately 5 to 8°C, cover crops seeded at this time do not consistently produce suffi cient ground cover to aff ect runoff or erosion (SAN, 2007) . Th ird, high-intensity rainfall is increasingly common in fall and spring. In spring, the soil is already saturated from snow melt; such conditions are conducive to erosion. For example, for the period 2003 to 2006, the National Weather Service site in Caribou, Maine, recorded 19 events in October or November where 24-h rainfall exceeded 2 cm, compared with only 14 such events for the period 1991 to 2002. Climate change projections for the northeast USA, like those in Hayhoe et al. (2007) , suggest that total rainfall outside of the growing season will increase, as will the frequency of high-intensity events during that part of the year and the ratio of liquid precipitation to snowfall. Last, crop residue after potato harvest is minimal, with ground cover of less than 10% being common (Griffi n, unpublished data). Th e relationship between residue cover and sediment load under erosive conditions is curvilinear (Grande et al., 2005; Rees et al., 2002) ; when there is little ground cover (20% or less), small reductions in soil coverage result in a disproportionate increase in sediment loss.
Th ere are limited options that could be implemented after potato harvest to reduce erosion and P movement. Th ese practices could be applied at the fi eld scale or only to critical source areas (Sharpley et al., 2001 ) (i.e., those parts of fi elds mostly likely to contribute sediment, DRP, or both to aquatic systems). Th e fi rst of these is the application of mulch, most likely in the form of small-grain straw or hay. In New Brunswick, Canada, Rees et al. (2002) demonstrated that application of hay mulch after potato harvest, at rates between 2.25 and 9 Mg ha −1 , was eff ective in reducing soil loss on fi elds with slopes of up to 11% under natural rainfall conditions. In corn (Zea mays L.) production systems, Grande et al. (2005) demonstrated an exponential reduction in runoff , sediment concentration, and sediment load as soil coverage by crop residue increased from 0 to 90%. Another option is application of polyacrylamide (PAM), a long-chain anionic polymer that stabilizes soil aggregates, at least in the short term. Th e use of PAM to mitigate irrigationinduced erosion and P movement in furrow-irrigated potato systems has been shown to be an eff ective management strategy in the Pacifi c Northwest region of the USA (Lentz et al., 2002) . Similarly, Bjornberg and Aase (2000) and Bjornberg et al. (2000) evaluated the impact of applying PAM in sprinkler irrigation water on runoff and sediment movement during the growing season. Others, including Abu-Zreig (2006) and Almut (2006) , evaluated the eff ect of PAM on erosion resulting from precipitation, although not in potato systems. Our objectives were to use simulated rainfall on soil in packed boxes and under fi eld conditions to evaluate the impact of straw mulch or PAM application rate on P loss and erosion from successive high-intensity rainfall events.
Materials and Methods
Th e USDA-ARS research site near Newport, Maine (44° 52′ N, 69° 17′ W) served as the source of soil for rainfall simulations on packed boxes and for fi eld simulations in enclosed frames. Th e soil type is Nokomis sandy loam, classifi ed as fi neloamy, mixed, frigid Typic Haplorthods. Soil properties and soil test results at the initiation of the experiments, determined using the Modifi ed Morgan extraction (McIntosh, 1969) , are shown in Table 1 . Approximately 300 kg of soil (0-20 cm layer) was collected in September 2005 and passed through an 8-mm screen to remove large stone fragments. Th is soil, which was used for simulations in packed boxes, was stored at fi eld moisture (approximately 0.20 kg kg −1 ) until it was used.
Rainfall Simulations on Soil in Packed Boxes
Two simulated rainfall experiments evaluating the eff ect of straw mulch and PAM application rate were conducted in the greenhouse following the methodology of Kleinman and Sharpley (2003) and Kleinman et al. (2004) , which is characteristic of heavily traffi cked fi eld conditions after potato harvest. Th e boxes had drainage holes in the bottom and a gutter at the lower (downhill) end, allowing quantitative collection of runoff and sediment from each box. Soil in the boxes was pre-wet 5 d before the initiation of the fi rst simulated rainfall by covering each box with coarse plastic fi lter material and applying water using the rainfall simulator at a rate of approximately 20 mm h −1 (less than 30% of the intensity used for simulations). Th ere was no runoff during the pre-wetting.
Th e rainfall simulator was similar to that described by Humphry et al. (2002) , except that the boom containing the nozzle was mounted to scaff olding in the greenhouse. As described in the National Phosphorus Evaluation Project and by Kleinman et al. (2004) , water was emitted from a single nozzle (TeeJet HH SS 50 WSQ; Spraying Systems Co., Wheaton, IL) placed 3 m above the soil surface. Water was applied at 70 mm h −1 to soil in boxes placed on a 5% slope for all simulations. Collection of runoff and associated sediment continued for 30 min after runoff was initiated on each box. All water needed for each simulation was pumped from a 1200-L storage tank at ambient temperature (approximately 24°C). Water used for the simulations (mean of 11 samples) had a pH of 8.15, P concentration of less than 0.05 mg L −1
, and electrical conductivity of 195 μmhos cm −1 . After determining the volume of runoff from each box (by weighing), runoff was transferred to a 20-L plastic pail and stirred rapidly for 1 min to resuspend sediment. A 300-to 400-mL aliquot was taken in a pre-weighed glass beaker and evaporated to dryness at 120°C to estimate sediment concentration. Th e volume of this sample was estimated as the weight lost on drying. A 20-mL sample was immediately passed through a 0.45-μm fi lter; DRP concentration was determined on this sample by the molybdate blue method of Dick and Tabatabai (1977) . Total P concentration was determined on a separate 20-mL sample by colorimetric analysis after digestion in sulfuric acid (Method 4500-P.b.4; Eaton et al., 1999) . Sediment-bound P concentration was estimated as the diff erence between total P and DRP. Sediment and P concentration in the runoff were transformed to mass using the runoff volume from each box during each simulation.
Th e Mulch Experiment used barley straw that had been passed through a commercial bale shredder as it would be used in a fi eld application. Application rates were 0, 60, 120, 180, 240, and 300 g mulch DM m −2 (equivalent to 0-3000 kg ha
) applied 2 d before the fi rst simulated rainfall. Successive rainfall events were simulated on triplicate boxes on Day 0, 5, 9, and 14. Before the fi rst simulated rainfall, soil coverage by the mulch in each box was determined using two methods. Th e fi rst was a modifi cation of the line intercept method commonly used in fi eld assessments. A thin wire mesh was placed over the surface of the box, and the number of points directly above residue was recorded. Sixty equally spaced points were recorded per box. Th e second method was similar but used a digital photograph (from 1 m above soil surface) of the box. After the image was imported into a GIS map, the georeferencing tool in ArcMap 9.2 (Environmental Systems Research Institute, Redlands, CA) was used to rectify the image. A transformation was performed that took into account the various sources of image distortion generated at the time of image acquisition. A grid (5 by 5 cm cell size) was superimposed over the image, providing a onedimensional point at each intersection. Th e presence or absence of residue under each of 60 points was recorded.
Th e PAM experiment used a solid formulation of Soil Fix Polybeads, a copolymer of acrylamide:sodium acrylate (Ciba Specialty Chemicals Corp., Suff olk, VA) applied at 0, 0.5, 1.0, 1.5, and 2.0 g m −2 (equivalent to 0-20 kg ha
−1
). Th e PAM was applied as uniformly as possible across the soil surface using a small shaker; any subsequent dispersion of the polymer across the soil surface would have resulted from the simulated rainfall events, which occurred on Day 0, 5, 10, and 14. Each treatment was replicated three times.
Field Rainfall Simulations
Rainfall simulations were conducted under fi eld conditions to evaluate short-term (0-21 d after application) and over-winter effi cacy of straw mulch and PAM following the protocol of Sharpley and Kleinman (2003) and Kleinman et al. (2005) . Th ese simulations were undertaken because of the potential degradation of mulch and PAM from radiation, physical weathering, and mineralization in the fi eld, which may not have been signifi cant factors in the greenhouse experiments. A 2 by 2 m steel frame (15 cm high) was driven into bare soil to a depth of 10 cm on a slope of 4%. Each frame was split in half with a steel divider installed parallel to the slope to allow side-by-side comparison of treated and untreated soil. Both subplots received simulated rainfall (70 mm h −1 ) at the same time, and runoff was collected separately for each subplot from a gutter and collection system at the lower end of the frames. Mulch applied at 1500 kg ha −1 and PAM applied at 15 kg ha 
Results and Discussion

Soil Coverage by Mulch
Across the range of mulch application rates evaluated, soil coverage increased exponentially to more than 80% at a rate of 3000 kg ha −1 (Fig. 1) . Th e two methods of estimating soil coverage (visual vs. digital) were systematically diff erent, with the visual method resulting in estimates about 10% higher at all application rates. Although all methods have inherent variability and diff erences between assessors would be expected (Morrison et al., 1995) , we regard this bias as an overestimation by the visual method. Th e digital method allowed for higher resolution that could be manipulated as needed to assess whether or not an individual point was located above soil or residue. Additionally, the superimposed grid used in the digital method was more narrow and more uniform than the wire grid used in the visual estimation.
Mulch Eff ects on Sediment and Phosphorus Loss from Soil in Packed Boxes
Th e dynamics of sediment and P loss in both experiments changed in limited ways with successive rainfall events, but the eff ect of mulch application rate was very consistent across events. As an example, Fig. 2 shows sediment concentration in runoff and the mass of sediment lost for each rainfall simulation in the mulch experiment. Although large diff erences were seen between simulated rainfall events for a given mulch application rate, ANOVA indicated that these diff erences were not statistically signifi cant except for at the highest application rates (2400 and 3600 kg ha ). For all non-zero mulch application rates, increasing mulch application decreased the concentration and mass of sediment in the runoff , and this relationship was consistently curvilinear. Because of the consistent nature of the response across rainfall events (shown by the regression line in Fig. 2) , the subsequent discussion focuses primarily on cumulative sediment and P losses.
Th e fl ow-weighted concentration of sediment in runoff (calculated as the total sediment loss for all rainfall events/total runoff volume for all rainfall events) decreased exponentially as mulch rate increased (Fig. 3) . Even relatively low application rates (e.g., 600 kg ha
) that provided about 40% soil coverage reduced sediment concentration by 60%, and the highest application reduced sediment and sediment-bound P concentration in the runoff by 90%. Conversely, the concentration of DRP in the runoff increased with mulch application rate to a maximum of about 0.5 mg DRP L −1 (Fig. 3) . Because P dynamics in this soil type are dominated by interactions with aluminum and iron (Griffi n et al., 2003) that are capable of rapidly immobilizing P and thus resulting in low soluble P concentrations, it is unlikely that the soil is the source of this increased DRP. More likely, this P was leached directly from the applied mulch. Th is is consistent with the results of Bechmann et al. (2005) and Miller et al. (1994) . Th e contribution of P from mulch was also noted by Rees et al. (2002) under natural rainfall conditions.
Because mulch application had a relatively minor eff ect on runoff volume from the packed boxes (data not shown), the masses of sediment and sediment-bound P lost during simulated rainfall events were a direct function of sediment concentration (Fig. 4) , characterized by a decreasing exponential relationship in both cases. Rees et al. (2002) found that mulch applications of 2.25 to 9 Mg ha −1 greatly reduced runoff volume and sediment loss on slopes of 11%. Th e 2.25 Mg ha −1 rate they used is within the same range we used, and their results were very similar, with an average reduction in sediment loss of 85%. found that sediment loss from the fi rst irrigation event was reduced 51 and 85% when straw was applied at rates suffi cient to provide 30 and 70% ground cover, respectively, which is also very similar to our fi ndings.
For most mulch application rates, P loss was primarily from sediment-bound P. At the highest mulch application rates, however, DRP loss represented more than 50% of total P loss because sediment loss was greatly reduced and DRP concentration in runoff was increased. Although the relationship between application rate and sediment concentration and loss is curvilinear, there is a very strong linear relationship between ground cover provided by the mulch and sediment concentration and loss (Fig. 5) . Th is contrasts somewhat with Grande et al. (2005) , who found that this relationship was curvilinear (very similar to the relationship between application rate and sediment concentration or loss shown in Fig. 4 ).
Polyacrylamide Eff ects on Sediment and Phosphorus Loss from Soil in Packed Boxes
Th e application of PAM at increasing rates also resulted in a curvilinear reduction in sediment and sediment-bound P concentration in runoff (Fig. 6) , although the reduction was somewhat smaller in magnitude than with the application of mulch. For example, the highest PAM application rate (20 kg ha −1 ) reduced sediment concentration by two thirds, compared with a 90% reduction by mulch applied at 3000 kg ha . Although it is possible that applying PAM at rates above those used here would have provided greater conservation benefi t, the curvilinear response in Fig. 6 suggests that, as with mulch application, the greatest marginal reductions that result from PAM application are at lower rates, and further reductions at increasingly higher application rates would be small. In general, the application of PAM had little eff ect on the DRP concentration in runoff (Fig. 6 ). Because of this, we can assume that the reductions in sediment and P loss from PAM in this experiment (Fig. 7) were almost entirely due to the ability of this material to temporarily aggregate soil particles Petersen et al., 2007) and prevent the lateral movement of sediment under simulated rainfall conditions. conducted two PAM rate comparisons, with application rates of 0 to 4 kg ha
, applied in irrigation water. Th ere were two additional irrigation events after the application of PAM. In the fi rst experiment, they found no signifi cant reduction in total or soluble P loss from PAM-treated soil compared with bare soil. In the second experiment, reductions in total and soluble P loss were about 25%. Our results are distinct from all of these previous assessments of PAM in that we used a solid formulation of PAM, broadcast on the soil surface, relying on precipitation for polymer dispersion. Th is overcomes some of the problems associated with the large volume of water needed to apply PAM in irrigation or by sprayer or the high viscosity of PAM suspensions if applied with a sprayer. We were specifi cally interested in the effi cacy of applied PAM over successive rainfall events because of the potential degradation of the material (by weathering or mineralization) and the loss of eff ectiveness if soil aggregated by PAM became covered with other soil particles as a result of splashing. Figure 8 shows that PAM was still eff ective in reducing sediment movement during the fourth rainfall event (15 d after application, with a cumulative rainfall of more than 150 mm). Th e eff ectiveness of PAM, relative to untreated soil, was smaller for later rainfall events. Much of this diff erence can be attributed to declining sediment movement from the untreated soil, presumably because fi ner soil particles were preferentially lost from untreated soil in the initial simulated rainfall events. Petersen et al. (2007) , who used a liquid formulation of PAM at 5 kg ha −1 , also found that erosion and P movement from PAM-treated soil was reduced for up to 10 wk after application. In contrast, found that PAM application in irrigation water provided no benefi t after two additional irrigation events in terms of sediment or P loss.
Rainfall Simulations under Field Conditions
Th e simulation experiments conducted under fi eld conditions provided results similar to our experiments with soil packed in boxes (see below), with several exceptions. First, runoff volume and the associated movement of sediment and P were lower in the fi eld. Th is was expected, as discussed by Kleinman et al. (2004) , because the slope was lower in the fi eld and, more importantly, because there was more surface roughness under fi eld conditions, which would slow runoff velocity and increase infi ltration. Second, runoff volume declined with each successive simulated rainfall event in the fi eld, especially after winter (data not shown). Th ird, soil bulk density was lower in the fi eld (1.0 Mg m −3 vs. 1.2 Mg m −3 for soil in packed boxes), which would also increase infi ltration potential. Th e application of mulch at 1500 kg ha −1 in the fi eld provided 68% ground cover (estimated by digital method), which is very consistent with our assessment in packed boxes. Runoff from the mulch-covered soil had a lower sediment concentration from all rainfall events, and weighted mean sediment concentration was reduced from 1380 to 384 mg L −1 runoff (Table  2) . Similarly, sediment load and loss of sediment-bound P and DRP were signifi cantly lower for mulch-covered soil than for bare soil in the fi rst four simulated rainfall events (i.e., all events except for that conducted the year after application). Although our interest was primarily in comparing bare and mulch-covered soil within each simulated rainfall event, ANOVA indicated that, in most cases and for most parameters, treatment responses were aff ected by rainfall event and the interaction between treatment and rainfall event. Th e concentration and mass of sediment and P in runoff clearly declines with each successive rainfall event under fi eld conditions. Th e signifi cant interaction between treatment and rainfall event results from the fact that this decline was less pronounced for mulch-cov- ered soils (i.e., much of the soil-conserving eff ects of the mulch was in the initial rainfall events) ( Table 2) . Compared with mulch, the impact of PAM application (at 15 kg ha −1 ) was of a lesser magnitude and was more transient in nature, as demonstrated by the consistent treatment × rainfall event interaction (Table 3) . As expected, the eff ect of PAM application on sediment concentration in runoff was pronounced in the fi rst simulated rainfall event after application, where PAM reduced sediment concentration by about 70% (Table  3) , but this was not observed in subsequent rainfall events. Sediment load and sediment-bound P loss were signifi cantly reduced by PAM in the fi rst two simulated rainfall events. As in the simulations on soil in packed boxes, PAM had little or no eff ect on loss of DRP in runoff .
Conclusions
Both of the conservation practices evaluated here successfully and signifi cantly reduced the movement of sediment and P from a sandy loam soil commonly used for potato production in Maine.
Coverage of the soil surface by straw mulch, which reduces soil dispersion by raindrop impact and slows the lateral movement of water and associated sediment, reduced sediment and P losses by more than 50% and by as much as 95%. Because many potato farms also produce small grains (which were the source of the straw mulch), this practice could be implemented within the boundaries of a farm operation, with the primary barriers being the availability of appropriate equipment for baling and application of the mulch. Removal of crop residue from other fi elds is also a concern, but this could be moderated by using application rates of 1000 kg ha −1 or less and by targeting applications to critical source areas or steeper slopes. Th e impact of PAM application on reducing sediment and P loss appears to be effi cacious, but the greatest benefi t is conferred on the earliest rainfall events after application of the material. After potato harvest, this practice could be implemented (focusing on critical source areas in the fi eld) with an expected impact lasting days or weeks. Unlike mulch, PAM application does not serve as a carbon or organic matter source. Both application practices have a place in improving soil conservation in intensively tilled production systems. ------------------ --------------------------Prob. > F--------------------------Simulation event *** *** *** *** Treatment ** *** *** *** Event×treatment * NS * ** *, **, and *** indicate signifi cant diff erences at the 0.05, 0.01, and 0.001 levels of probability, respectively. NS, not signifi cant.
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